Identifying and characterizing catalytic sites, along with elucidating a convenient activity descriptor, can provide essential guidance in the systematic search for new catalysts. In this issue of Joule, Yan et al. have revealed the surface dynamics of the efficient oxygen reduction catalyst Ni 3 S 2 under catalytically relevant conditions and provide a simple geometric descriptor that predicts the catalytic activity by merely counting S neighbors around Ni at exposed surface sites.
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Fuel cells that use hydrogen fuel and oxygen from air to produce electricity, for instance for automotive propulsion or stationary applications, will likely play a significant role in achieving sustainable energy solutions in the future. 1 For instance, the combination of an efficient and cost-effective fuel cell with a viable method for the electrolysis of water to form hydrogen and oxygen gas, say from sunlight or wind power, would provide an ideal system for the interconversion and storage of clean, carbon-free, and nearly limitless renewable energy to replace our current reliance on fossil fuels. A primary stumbling block in making such a system commercially feasible is the development of catalysts that do not rely on expensive noble metals such as platinum, are robust and resistant to poisoning under real working conditions, and minimize the overpotential required at the electrode surface. 2, 3 The most efficient and frequently used catalysts for ORR are platinum groupbased materials. However, these catalysts suffer from high cost, low scalabilty, and deactivation by CO, which limit their efficacy. 2, 3 Alternatively, first-row late transition metal chalcogenides (LTMC) show promise. 4, 5 As a result, improving the catalytic activity of LTMCs is a possible route to obtaining low-cost materials that replace Pt-based ORR catalysts. To date, the limited understanding of structurefunction relationships of LTMCs has hampered progress due to the dynamic nature of the surface structure under catalytic conditions.
Determining the identity and nature of the catalytic sites is critical to understanding the origin of catalytic activity for the ORR mechanism. However, the labile nature of transition metals makes it difficult to identify the true active sites. Under catalytically relevant conditions, these materials are known to undergo surface or even bulk reconstruction. 6, 7 That is to say, before driving the ORR reaction itself, the catalyst is really just a pre-catalyst, and the true catalyst is only formed in situ. As a result, experimental measurements and theoretical calculations of the structure and properties of the precatalyst surface or bulk are not likely to represent the actual catalytically active sites. Surface reconstruction has been previously reported for species catalyzing the oxygen evolution reaction, 8, 9 but much less is known about the surface dynamics of ORR catalysts based on first-row transition metals that are free of noble metals. Understanding the mechanism and parameters that govern ORR activity and discovering a convenient activity descriptor that relates structure, function, and energy would greatly accelerate the search for new highly active catalysts that are commercially viable. Yan et al. systematically characterized the surface structure transformation under ORR conditions. Prior to the electrochemical investigations, the surface of Ni 3 S 2 particles was stable and remained crystalline. Upon scanning to more positive potentials for the first time, the surface was oxidized gradually and irreversibly, forming a 2 nmthick amorphous layer with nominal NiS stoichiometry, which passivated the inner Ni 3 S 2 host from further oxidation. It is this amorphous NiS film, formed during oxygen reduction, that was determined to be responsible for the high ORR activity. Crystalline and amorphous NiS were independently prepared and showed intrinsic ORR activities similar to those of Ni 3 S 2 following surface transformation, consistent with the active structure being the amorphous NiS layer formed in situ on the Ni 3 S 2 surface.
These experimental studies were combined with DFT calculations on low-index facets of five different crystalline nickel sulfide phases. Correlating the activity to the structure of these unique phases led to a model in which the free energy of adsorbed OH* was linearly dependent on the coordination number of nickel sites. Remarkably, merely counting of S neighbors around exposed Ni surface sites provides, to a first approximation, a measure of the ORR activity. In other words, the catalytic activity of nickel sulfides can be determined by the Ni-S coordination numbers at the surface (Figure 1 
